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We present a strain gauge that uses a carbon nanotube (CNT) forest, partially embedded in a Parylene-C membrane, as a piezoresistor. The device exhibits high sensitivity with a gauge factor of 4.52 or higher for strains up to $1.5%, offering much higher sensitivity in the strain range than those reported for other types of CNT-forest/polymer composite piezoresistors. The gauge also shows a linear response to bending strains generated by forces applied perpendicularly to the membrane with a 55-ppm/mN sensitivity. These findings suggest promising characteristics for a variety of sensing applications of the CNT-forest/Parylene film. V C 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4721460] Carbon nanotubes (CNTs) have attracted considerable attention since their discovery due to their exceptional electrical, mechanical, and optical properties. 1-3 The CNT forest, a collection of vertically aligned CNTs, offers unique characteristics; it can be viewed as a new class of functional bulk material with anisotropic electromechanical properties that can be utilized for many potential applications in micro-electro-mechanical systems (MEMS) and other emerging products. [4] [5] [6] [7] [8] [9] The CNTs in a forest are self-aligned due to crowding at the beginning of their growth in a chemical vapor deposition (CVD) process. 10 Since CNT forests can be grown directly on the substrate with the CVD technique, using them in device structures eliminates separate coating/ assembling steps for the integration of CNTs, which are required for devices that use carbon nanotube-dispersed films 11 or individual CNTs. 12, 13 The total electrical resistance across the CNT forest in its lateral directions can strongly depend on the electrical resistances between individual CNTs. 5 CNT forests are known to exhibit piezoresistivity along their lateral directions. Pressure sensors 14, 15 and a strain gauge 16 based on this principle were recently reported. The piezoresistive effect in CNT forests has been related to the change in distances between individual CNTs due to lateral strains applied to the forest. [14] [15] [16] This spatial change in CNTs may increase or decrease the number of junctions between the entangled CNTs, leading to a collective change in the lateral electrical resistance of the forest. Strain sensors based on elastomer sheets that completely embedded CNT forests were recently reported. 16, 17 However, there are various potential concerns in this approach, including use of wet processing, which may cause disturbance in the CNTs' alignment, 18 and variations in electrical and mechanical properties of the composite elastomers affected by their curing conditions.
In this letter, we present a strain sensor that uses a multiwalled CNT forest supported by a membrane of Parylene-C, a polymer widely used in electronics and biomedical fields, deposited in gas phase with stable material properties and high thickness controllability. 19 The sensor is fabricated using Si-micromachining techniques and found to offer different responses with higher performance compared with the elastomer-based devices 16, 17 while eliminating the need for post-growth wet processing.
The strain gauge developed in this study is designed to have a suspended membrane of Parylene-C that supports a rectangular (2.5 mmÂ 5 mm) CNT forest (Fig. 1 ). The two opposing ends of the forest are contacted with the metal pads on the substrate in a manner that both ends of the forest are overlapped with the metal pads to achieve good electrical connection. When a tensile force is applied to the membrane, a strain is generated in it as well as in the forest, leading to a change in the resistance of the forest due to its piezoresistive effect, which is measured through the metal pads.
The fabrication process for the device starts from the formation of an 800-nm-thick Si-nitride mask on both sides of a Si substrate using plasma-enhanced CVD. The Si nitride on the Si front side is used to electrically isolate the metal pads (to be formed later) from the Si substrate. The nitride layer on the backside of the substrate is patterned to create a square window for subsequent selective etching of Si. A 20-nm adhesive Cr layer followed by a 100-nm Cu film are deposited on the front side of the substrate and patterned with a lift-off step to form the metal pads on the substrate. A catalyst layer, 2-nm Fe on 10-nm Al 2 O 3 , is then deposited and patterned in a similar manner to define the region where the CNT forest will be grown. An atmospheric-pressure CVD system is used to grow a forest to the height of 400-600 lm using C 2 H 4 as the carbon source. Next, an 8-lm Parylene-C film (Specialty Coating Systems, IN, USA) is deposited on the substrate including the forest of CNTs whose tops are tied together by the deposited Parylene film. The Si substrate is then dry etched with XeF 2 through the backside window of the Si-nitride mask, releasing the Parylene membrane with the CNT forest. Finally, the nitride layer left on a) the backside of the forest is stripped by dry etching to complete the fabrication. Figure 2 shows a typical sensor fabricated using the above process.
The piezoresistive responses of the fabricated devices to axial strains were measured while stretching the released membrane using a precision linear stage by displacing (in 10-lm steps) one side of the Si substrate with respect to the other side that was fixed. A laser displacement sensor (LK-G32, Keyence, ON, Canada, with a resolution of 10 nm) was used to characterize the actual displacements of the stage and verify the accuracy of the stage for the full displacement range tested in this study. Figure 3 shows the measured relative resistive changes, DR/R, showing increases of the electrical resistance with the displacement over five measurement cycles. Assuming that the Parylene film on the substrates was perfectly stationary without any slipping (i.e., the entire displacement was applied to the suspended film), the measured result suggests the gauge factor of 4.52 for up to around 35 lm displacement (corresponding to $1.5% strain), which is $13.3Â the value reported for the CNT-forest/polyurethane composite sheet 17 and $3.8Â the value reported for the CNT-forest/PDMS strain sensor. 16 As can be seen in Fig. 3 , the sensor response was observed to decrease (to a gauge factor of 0.87 under the same assumption) for displacements beyond $35 lm. It is worth noting that if there is any slipping effect on the substrates as noted above, it will effectively reduce the strain applied to the forest, i.e., the actual gauge factors will be larger than the values obtained above. Both high and low sensitivity regions exhibit approximately linear responses. The collected results from different rounds were found to have reasonable repeatability, indicating that the deformation is elastically reversible (i.e., no viscoelastic response), an important feature for the application of interest.
The device response was also characterized in the bending mode, in which the Parylene membrane (on the side without the forest) was pressed by a cylindrical rod (diameter equal to $60% of the membrane length) while the two Si substrates were stationary ( Fig. 4(a) ). Figure 4(a) shows DR/R and vertical force applied to the membrane (measured using a digital force gauge with 1 mN resolution (DS2-1, Imada Inc., IL, USA)) as a function of the vertical displacement of the rod, indicating nonlinear responses in both DR/R and vertical force. It can be found from the same data replotted in Fig. 4(b) that there is a good linear relationship between DR/R and the force with a sensitivity of 55 ppm/mN over the tested range, a promising characteristic towards force sensing applications of this device configuration.
In summary, we have demonstrated a strain gauge enabled by a piezoresistive effect in $500-lm-tall, multiwalled CNT forests suspended from a thin film of Parylene-C. We fabricated the sensor through a Si-micromachining approach and found gauge factors of at least 4.52 and 0.87 for high sensitivity and lower sensitivity regions, respectively, with the fabricated devices. The bending-mode testing of the sensor revealed a high linearity in its response to applied forces. We expect that these findings will serve as a basis towards the realization of CNT-forest-based strain and force sensors and encourage further developments. 
